Abstract-Many biochemical endpoints currently are used to describe endocrine function in fish; however, the sensitivity of these parameters as biomarkers of impaired reproduction or sexual development is not well understood. In the present study, adult Japanese medaka (Oryzias latipes) were assessed for reproductive output and endocrine function, including circulating steroid concentrations, ex vivo steroidogenesis from the gonads, aromatase activity, hepatic estrogen receptor (ER), and plasma vitellogenin (VTG) after exposure to 0, 0.2, 5, 500, and 2,000 ng/L of 17␣-ethinylestradiol (EE) for 14 d. The EE altered these biochemical responses at various sites along the hypothalamus-pituitary-gonadal axis at concentrations as low as 0.2 ng/L, but it only depressed reproductive function at concentrations of 500 ng/L or greater. Offspring also had reduced ability to hatch at 500 ng/L of EE, but this concentration did not produce any other observed changes in development or sexual phenotype. The reproductive parameters correlated well with VTG, ER, and gonadosomatic index (GSI) in both sexes of adult medaka, which could be indicative of the ER-mediated mode of action for EE. Vitellogenin and ER were elevated at higher concentrations of EE in both sexes, whereas GSI was decreased. Overall, most biochemical endpoints were more sensitive than reproduction or development to exposure, indicating that reproductive function may be relatively protected.
INTRODUCTION
In 1998, the U.S. Environmental Protection Agency's Endocrine Disruptor Screening and Testing Advisory Committee defined an endocrine-disrupting compound (EDC) as ''an exogenous chemical substance or mixture that alters the structure or function(s) of the endocrine system and causes adverse affects at the level of the organism, its progeny, populations or subpopulations of organisms'' [1] . This definition highlights the fact that an EDC must alter the endocrine system in a way that causes adverse affects to the organism, its offspring, or its potential to reproduce. Despite this definition, cause and effect have been difficult to determine because of the wide variety of potential EDCs and their possible mechanisms of action. However, researchers and policy makers are interested in establishing the relationship among potential EDCs, effects on male and female reproductive systems, and the ultimate consequences for reproductive capability.
The existence of environmental estrogens in the aquatic environment from industrial, domestic, and pharmaceutical sources has been well established [2, 3] , and these estrogens include 17␣-ethinylestradiol (EE), a synthetic estrogen that is used extensively in oral contraceptives. In 1990, with approximately 10 million women using oral contraceptives, the expected concentration of EE introduced to the U.S. aquatic environment was 2.16 ng/L [4] . Germany has used a similar model to predict 0.5 ng/L of EE in their surface waters [5] . Actual concentrations of EE measured in sewage treatment plant effluent in the United Kingdom and Sweden range from * To whom correspondence may be addressed (cmforan@mail.wvu.edu).
0.2 to 7.0 ng/L [2, 6] . Juvenile rainbow trout (Oncorhynchus mykiss) caged downstream from a sewage treatment plant where approximately 45% of river flow was effluent had significant levels of EE (350 g/g) in bile, indicating that at least local populations can accumulate EE from wastewater [6] . Other studies have shown estrogenic effects of sewage treatment plant discharge as far as 5 km downstream [3] .
17␣-ethinylestradiol is of particular interest as an environmental estrogen because of its high estrogenic potency. Whereas EE is structurally similar to endogenous 17␤-estradiol (E 2 ), the exception of an ethinyl substitution at carbon 17 makes the compound less susceptible to first-pass metabolism in the gut and more potent in vivo [7] . In catfish, EE is fivefold as potent as E 2 for binding to the estrogen receptor (ER) [8] . In vitro human ER-based assays have shown EE to have only one-to twofold greater binding affinity than E 2 [9] ; however, the magnitude of EE responses in vitro greatly underestimated in vivo effects. The sensitivity of in vivo assays for the ability of EE to stimulate vitellogenin (VTG), a glycophospholipoprotein precursor to egg yolk, found EE to be on the order of 100-to 1,000-fold more potent than E 2 ; induction in male rainbow trout occurred after exposure to only 0.1 ng/L of EE, compared to 100 ng/L of E 2 [10, 11] .
These data suggest the potential for reproductive effects in fish populations exposed to environmentally relevant concentrations of EE. Other than the ability to stimulate VTG in male and female fish similar to the effects of elevated circulating hormones before vitellogenesis, EE also has been reported to alter gonadal morphology, produce testes-ova, decrease reproductive success, and skew sex ratios even at low-ng/L exposure concentrations [12] [13] [14] . Previous studies have measured var-ious physiological responses in fish after exposure to potential EDCs, such as EE, and others have shown higher-level effects on reproduction and development. Currently, however, little is understood about the relationship between measurements of endocrine function and consequences for reproduction and development. In the present study, the effects of EE on endocrinemediated responses in wild-type Japanese medaka (Oryzias latipes) were investigated and then correlated with reproductive and developmental toxicity in these organisms.
MATERIALS AND METHODS

Experimental animals
A total of 200 adult male and female medaka were randomly selected at four months of age from a stock culture maintained at the University of Mississippi (University, MS, USA) for approximately eight years. Fish were maintained in a Nanopure reconstituted balanced saline solution (86 mM NaCl, 2 mM KCl, 1 mM MgSO 4 , 0.24 mM NaHCO 3 ) with the following water-quality parameters: hardness, 82.5 mg/L as CaCO 3 ; alkalinity, 34.3 mg/L; pH 6.64; dissolved oxygen concentration, 8 .83 mg/L; salinity, 1.64 g/L [15] . Water temperature was 25 to 27ЊC, and lights were set on a 16:8-h light:dark photoperiod. Medaka were fed brine shrimp twice daily and 10% body weight of Tetramin (Tetra Sales, Blacksburg, VA, USA) daily as suggested by Patyna [16] for optimal reproductive capabilities. Water was changed in culture fish twice weekly by static renewal to maintain water quality.
Exposure solutions
Exposure concentrations were 0.2, 5, 500, and 2,000 ng/L of EE and were chosen to span from low environmentally relevant concentrations [2, 6] to higher concentrations that were still less than the 96-h median lethal concentration of 1 l/L. All compounds were purchased from Sigma Chemical (St. Louis, MO, USA) unless noted otherwise. Stock exposure solutions were made in ethanol and added to exposure aquaria so that the final solvent concentration was less than 0.007% of volume. Previous exposures in our laboratory have shown this concentration of ethanol to be nontoxic to fish [17] . Stock exposure solutions were stored at Ϫ20ЊC in amber silanized vials to minimize loss of EE during the experimental period. All exposure aquaria, including those of solvent control, also were silanized to minimize loss of EE to glass.
Exposure conditions and tissue collection
Three days before the beginning of exposure, adult male and female medaka pairs were placed into 50 exposure aquaria (10 pairs/dose) and monitored daily for egg production. Pairs that did not produce eggs were exchanged to maximize mating success and ensure that all pairs were reproductively active before beginning the 14-d exposure period. Paired fish were examined for reproductive success, plasma VTG, hepatic ER, gonadosomatic index (GSI), and gonadal steroid release. To ensure adequate plasma volume for steroid analysis, medaka also were exposed to EE in group aquaria (10 males and 10 females per tank) under the same experimental protocol as the breeding pairs. Medaka in group aquaria also were utilized for measuring aromatase activity. These fish were actively breeding, and eggs were collected daily in a manner similar to that for breeding pairs. However, endpoints for reproductive success were not calculated. Feeding, light, temperature, and water quality were monitored daily to ensure consistency throughout the experiment. The loading ratio (g fish/L water) was kept constant among exposure aquaria, and water was changed daily by 100% static renewal for breeding pairs during egg collection and by 80% static renewal in group aquaria.
On day 14, fish were anesthetized with tricaine methane sulfonate, and blood was collected with heparinized capillary tubes (Drummond Scientific, Broomall, PA, USA) from the aorta by cutting at the isthmus [16] . Blood samples were immediately placed on ice with phenylmethylsulfonyl fluoride. Fish were killed by severing the spinal cord. Livers were removed, immediately placed on dry ice, and stored at Ϫ80ЊC until ER analysis. Gonads were removed intact from fish and rinsed with phosphate-buffered saline (PBS) for determination of GSI and analysis of ex vivo steroid production. Blood was centrifuged at 6,000 g (4ЊC) for 10 min, and the plasma was frozen at Ϫ80ЊC for analysis of VTG and steroids.
Reproductive and developmental assessment
Fecundity. Fecundity was defined as the total number of both fertilized and nonfertilized eggs produced. Eggs were collected daily from medaka pairs approximately 2 h after feeding and light change. Eggs from each pair were maintained individually in six-well tissue-culture plates with Yamamoto's hatching solution [15] . Spawning frequency was determined daily in breeding aquaria by the number of females in each treatment with eggs.
Fertilization and egg diameter. Eggs were collected daily for two weeks, and fertilized eggs were separated from nonfertilized eggs under a light microscope. Fertilized eggs were identified by the progressive breakdown of cortical alveoli (oillike droplets) in the protoplasmic layer from the animal pole to the vegetal pole. Nonfertilized eggs had evenly distributed cortical alveoli throughout the protoplasmic layer. Egg diameter was averaged for each clutch of eggs per female per day by measurement at ϫ40 magnification with Image Pro Plus, Version 3.0 (MediaCybernetics, San Diego, CA, USA). Given the low variability of egg size within a clutch, five eggs were randomly measured to provide an accurate mean value for statistical comparison among fish within a treatment. This method has been shown previously to provide sufficient statistical power to determine differences in egg diameter from estrogen exposure [18] .
Hatching success and embryo survival. Fertilized eggs were monitored regularly for hatchlings, death, and algal or fungal growth for 30 d after collection. Tissue-culture plates with fertilized eggs were stored in an incubator at 25ЊC on a 16:8-h light:dark photoperiod. Hatching solution was exchanged and culture plates cleaned as needed. Eggs were examined at least every other day for death or hatching. The date when the first egg hatched in each clutch also was documented.
F 1 sex ratio. A random subset of hatchlings, the first filial generation (F 1 ), was transferred to 55-L aquaria (40 fry/aquarium) after growing for approximately one week in the incubator. Fish were maintained in clean water under the same conditions as described for culture animals. The hatchlings were allowed to grow for two to four months, when they could be sexed by phenotype. Male and female fish were differentiated based on shape of the anal and dorsal fins [15] . Approximately 180 fish per treatment were phenotyped for calculation of the sex ratio.
Physiological assessment
Gonadosomatic index. The GSI in adult male and female medaka was used as an indicator for the effect of EE on go- nadal tissue. Because of the small size of fish gonads and the high amount of fluid associated with this tissue, the GSI was determined as a ratio of gonad size to whole-body weight to decrease variability. Profile area of the gonads was quantified under magnification using a digital imaging system (Videometric 150, Ver 2.1; American Innovision, San Diego, CA, USA). Profile area has been shown to be a repeatable measure of gonad size in studies with medaka [18, 19] . The GSI was calculated by normalizing the gonad profile area with the wet weight for each fish. Plasma VTG. Plasma VTG in adult medaka was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis as described previously [17] [18] [19] . Protein concentration was determined in 96-well plates using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA) and was used to normalize VTG results. Twenty micrograms of protein from each sample were used to quantify VTG staining. Vitellogenin was detected with a mouse monoclonal anti-VTG against striped bass (Cayman Chemical, Ann Arbor, MI, USA). A secondary goat anti-mouse immunoglobulin G conjugated to alkaline phosphatase at a 1:200,000 antibody titer was used and developed with 5-bromo-4-chloro-3-indolyl phosphate and p-nitrotetrazolium blue (Bio-Rad) in 100 mM Tris-base and 0.5 mM MgCl 2 . Vitellogenin was identified as two bands (170 and 130 kDa) in medaka and quantified as the percentage above control for each treatment by integrated optical density (IOD) with Scion Image (Frederick, MD, USA). Linearity of IOD measurement are confirmed with relative amounts of plasma pooled from medaka exposed to 25 g/L of E 2 for one week. Increasing volumes of plasma, from 1 to 10 l, are separated, and the resulting nitrocellulose is developed and quantified to ensure a linear response with each batch of antibody purchased and each new investigator learning the technique.
Hepatic ER. Hepatic ER was determined by Western blot analysis in whole-liver homogenates as described previously [18, 19] . Medaka liver tissue was homogenized in buffer (0.1 M Tris-HCl, 0.15 M KCl, 1 mM ethylenediaminetetraacetic acid, buffer pH 7.4) with phenylmethylsulfonyl fluoride and centrifuged at 10,000 g (4ЊC) for 30 min. The supernatent was then stored at Ϫ80ЊC until analysis. Protein concentration was determined for liver samples with the Bio-Rad protein assay and was used to normalize ER results. Estrogen receptor was detected using a mouse monoclonal antibody corresponding to amino acid residues 247 to 261 of the human ER␣ DNAbinding domain, which is conserved in medaka (no. MA1-310; Affinity BioReagents, Stillwater, MN, USA) and has been shown to cross-react with medaka ER [18, 19] . However, the possibility for cross-reactivity of this antibody with similarly sized nuclear receptors cannot be excluded without the purification of medaka ER protein. The antibody was found to detect ER␣ (but not ER␤) androgen receptor, progesterone receptor, and glucocorticoid receptor (Affinity BioReagents). A secondary goat anti-mouse immunoglobulin G conjugated to alkaline phosphatase at a 1:200,000 antibody titer was used and developed with 5-bromo-4-chloro-3-indolyl phosphate and p-nitrotetrazolium blue in 100 mM Tris-base and 0.5 mM MgCl 2 . Estrogen receptor was identified as a 65-kDa band, which is the expected size of the ER␣ subtype in medaka [20] . Bands detected by Western blot analysis were quantified as the percentage above control by IOD with Scion Image software. Linearity of response was confirmed as described above for VTG.
Plasma steroids. Plasma E 2 and testosterone (T) were measured in adult medaka using a direct competitive immunosorbent assay (EIA) developed by Munro and Lasley [21] and described previously for medaka by Tilton et al. [19] . Plasma was extracted three times with 10 volumes of ethyl acetate, dried under N 2 gas, and then resuspended in EIA buffer (0.2 M PBS with 0.1% bovine serum albumin, buffer pH 7.0) with steroid conjugated to horseradish peroxidase (1:30,000). Both E 2 and T standards were prepared in ethyl acetate, dried under N 2 gas, and resuspended in EIA buffer in a similar manner as the plasma samples. The anti-E 2 and anti-T (C.J. Munro, University of California, Davis, CA, USA) were added to Pro-bind Falcon 96-well assay plates (VWR International, West Chester, PA, USA) at 1:10,000 and 1:8,000 titer, respectively, in 0.05 M bicarbonate buffer (pH 9.6). The reported cross-reactivity for anti-E 2 is 100% for E 2 , 3.3% for estrone, 1.0% for T, 0.8% for progesterone, 1.0% for androstenedione, less than 1.0% for other steroids (C. Munro, personal communication), and 2% for EE. The anti-T antibody will bind 11-keto-T, which is the primary androgen in fish. To quantify both T and 11-keto-T, chromatography must be used to separate these androgens. Because of the small volume of plasma that can be collected from an individual medaka, we chose to limit pooling of tissue and determine total T content. After a 24-h incubation at 4ЊC, unbound antibody was washed from the plate with wash buffer (0.15 M NaCl, 0.05% Tween 20). The plates were incubated with either sample or standard at room temperature for 2 h. After another washing, plates were developed with horseradish peroxidase substrate (40 mM 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), 2% H 2 O 2 , 0.05 M citric acid, substrate pH 4.0). The steroid conjugate developed to an optimal optical density of 0.8 and was visualized at 405 nm on the Tecan ultraviolet/Vis Rainbow Reader (Research Triangle Park, NC, USA).
Gonadal steroid release. As an assay of potential changes in gonadal physiology in response to EE exposure, relative gonadal steroid release was determined by the ex vivo release of E 2 and T in the presence of 25-hydroxycholesterol as described previously for medaka [18, 19] . Testis and ovaries were removed intact from fish, rinsed in PBS, and incubated for 48 h in a 96-well plate containing 4.12 M 25-hydroxycholesterol in 100 l of Media 199 (with Hanks' salts, glutamine, and without sodium bicarbonate; Gibco Life Technologies, Gaithersburg, MD, USA) supplemented with 25 mM Hepes, 4 mM sodium bicarbonate, 0.01% streptomycin sulfate, and 0.1% bovine serum albumin. Standard dye-exclusion with 0.4% trypan blue indicated that cells in gonadal tissue were intact following the 48-h incubation. This assay is a measure of cell viability and does not measure cellular metabolic capability. Relative ex vivo production of E 2 and T by gonads from EEexposed animals were measured in media after extraction with ethyl acetate using the steroid EIA described above, were normalized to gonad size as described for GSI, and were compared to values from gonads of control fish.
Aromatase activity. Ovarian and testicular aromatase activity in adult medaka was determined by ex vivo conversion of T to E 2 by methods similar to those described by Chang et al. [22] . Ability of medaka gonads to convert T to E 2 was compared among fish exposed to 0, 0.2, 5, and 500 ng/L of EE. Once removed, ovaries were rinsed in PBS, stimulated with 100 ng/ml of T in 0.02% ethanol or with ethanol alone, and allowed to incubate at room temperature for 48 h. Dye-exclusion indicated that gonadal tissue was viable following a 48-h tissue incubation. Ex vivo production of E 2 by ovaries was measured in media using the direct competitive EIA described for plasma steroid analysis and was normalized for gonad size as described for GSI.
Statistics
Statistical analyses of treatment effects were performed by one-way analysis of variance ( p Ͻ 0.05) after data passed normality and equal variance assumption tests using SigmaStat, Version 2.03 (Systat Software, Point Richmond, CA, USA). Two-tailed pairwise differences were determined using Student-Newman-Keuls multiple-comparison test. Chisquare test was used to detect significant changes in sex ratio of the offspring. Concentration-response relationships were graphed using GraphPad Prism (San Diego, CA, USA), and the strength of association among variables was measured by Pearson correlation coefficients.
RESULTS
Reproductive and developmental assessment
Reproductive capabilities of adult medaka and sexual development of F 1 offspring were assessed after exposure to EE for 14 d. Cumulative egg production over the exposure period resulted in a total of 1,122, 1,273, 1,000, 175, and 57 eggs for 0, 0.2, 5, 500, and 2,000 ng/L of EE, respectively. Because of mortality in medaka exposed to 2,000 ng/L of EE during the second week of exposure, data will not be presented for this treatment group. No mortality occurred in other treatment groups. Fecundity (eggs/d) was significantly elevated above control values in medaka exposed to 0.2 ng/L of EE ( p Ͻ 0.05) and decreased in medaka exposed to 500 ng/L of EE ( p Ͻ 0.001) ( Table 1) . Spawning frequency (egg clutches/d) also was significantly reduced in medaka exposed to 500 ng/L of EE ( p Ͻ 0.001). Other reproductive and developmental endpoints, such as percentage fertilization and percentage hatching, were reduced at 500 ng/L of EE ( p Յ 0.019), whereas egg diameter, embryo survival, and time to hatch were not affected by exposure. Medaka offspring from the two-week EE exposure were phenotypically identified as male or female using fin morphology to determine if sex ratios were skewed. Control offspring were 42% male and 58% female, which is not statistically different from the expected 50:50 ratio, and phenotypic sex ratios were not affected by EE treatments ( p Ͼ 0.05). Overall, adult exposure to 500 ng/L of EE resulted in changes in the rate of reproduction (eggs/d), female spawning frequency (egg clutches/d), male reproductive success (egg fertilization), and the early developmental endpoint of hatching.
The exposure to EE disrupted various physiological responses along the hypothalamus-pituitary-gonadal-hepatic axis in mating medaka. In the liver, both male and female VTG levels significantly increased to approximately 300% and 200% above control values, respectively, after exposure to 500 ng/L of EE ( p Ͻ 0.001) (Fig. 1) . Similarly, both male and female hepatic ER levels increased with EE exposure. The ER proteins were significantly elevated at 500 ng/L of EE to 20% above control values in males and 45% above control values in females ( p Յ 0.036). Circulating plasma steroid concentrations also were altered by EE exposure in medaka (Fig. 2 ). 500 ng/L of EE (p Յ 0.014). Plasma T levels did not change as a result of EE exposure in either male or female medaka. Effects of EE exposure on the gonads were evident from changes in the GSI, ex vivo gonadal steroid release, and aromatase activity. Male GSI was significantly reduced at 500 ng/ L of EE below controls and all groups (p Յ 0.002) (Fig. 3) . Female GSI was elevated relative to controls at 0.2 ng/L of EE (p Յ 0.017) and decreased below all other treatment groups at 500 ng/L (p Ͻ 0.001). Ovarian and testicular steroid release was measured by the ability of gonads to convert 25-hydroxycholesterol to E 2 and T ex vivo. In gonads from both males and females, E 2 production at 0.2 ng/L of EE was significantly elevated above control values (p Յ 0.01), and T production was decreased at 500 ng/L (p Ͻ 0.001) (Fig. 4) . Aromatase activity or the ability of medaka ovaries and testes to convert T to E 2 ex vivo was significantly elevated, by two-and fourfold, respectively, in the presence of 100 ng/ml of T compared to untreated controls. Exposure of females to 0.5 and 500 ng/L of EE in vivo reduced ovarian aromatase activity in the presence of exogenous T to levels similar to those of untreated controls (p Ͻ 0.05) (Fig. 5) . Male gonadal aromatase activity also was significantly decreased at 5 ng/L of EE (p Ͻ 0.05) but unchanged at 500 ng/L.
Of the endpoints measured, only male and female VTG, ER, and GSI correlated significantly with changes in reproductive fecundity by EE using Pearson correlation coefficients (p Ͻ 0.05, r Ն 0.96). Female GSI correlated best with fecundity (r ϭ 0.999, p ϭ 0.001).
DISCUSSION
Endocrine-mediated effects of EE, including VTG and ER expression, plasma steroid concentrations, ex vivo gonadal Effects of ethinylestradiol in Japanese medaka Environ. Toxicol. Chem. 24, 2005 357 steroid release, and aromatase activity, were investigated in Japanese medaka and compared to reproductive and developmental toxicity. Medaka proved not only to be an adequate experimental model for determining reproductive and developmental effects, as previously described [12, 16] , but also to be sufficient for determining various physiological effects along the hypothalamus-pituitary-gonadal axis despite small tissue size. Treatment with EE was found to affect biochemical endpoints in male and female medaka, resulting in significant reproductive and developmental dysfunction at high concentrations and some stimulatory effects at lower, environmentally relevant concentrations. Generally, however, physiological effects occurred at much lower concentrations compared to the reproductive effects, suggesting that they were adequate indicators of EE exposure but not necessarily predictive of reproductive function.
Reproduction and development
Exposure to EE altered fecundity, spawning frequency, fertility, and hatching success in medaka. Specifically, egg production was elevated at 0.2 ng/L of EE, but 500 ng/L of EE reduced egg production along with spawning frequency, fertilization, and hatching success. These data suggest that low concentrations of EE may have a stimulatory effect on reproduction but that higher concentrations inhibit it. Similar observations of reproductive inhibition have been reported for medaka exposed to other estrogenic compounds [18, 23] . Biphasic or low-dose effects of estrogenic compounds on endpoints such as hormone signaling, bone growth, cell proliferation, and immune function have been evaluated recently in mammalian models but not, to our knowledge, in other vertebrates [24, 25] . However, stimulation of reproductive capabilities have been observed previously in fathead minnow (Pimephales promelas) after exposure to low concentrations of the weak-estrogen nonylphenol [26] . These studies suggest that reproductive and developmental effects from low concentrations of estrogens should be examined further in fish and may have important environmental consequences.
Reproductive impairment in females is thought to result from elevated levels of endogenous or exogenous estrogenic compounds circulating in the plasma. Ovulation, which corresponds with decreased plasma E 2 levels at the end of vitellogenesis, could be affected by artificial elevation of plasma estrogens, resulting in a reduction in egg number [27] . Few studies have examined the reproductive effects of EE on adult fish after an adult-exposure scenario, but published results do support the observations in the present study. Adult zebrafish (Danio rerio) exposed to EE for 12 to 21 d showed decreased egg viability, decreased fertilization, and cessation of spawning at 5 to 25 ng/L [28, 29] . Medaka exposed during early life stages were more sensitive to EE than their adult counterparts in our current study. Juveniles exposed for two months to EE exhibited decreased fecundity at 10 ng/L and sex-reversed males at 100 ng/L [14] . In ovo-exposed medaka exhibited sex reversal after a single injection of 0.5 ng/egg [13] . Other studies in which zebrafish were exposed to EE throughout both early and adult life stages showed reduced spawning frequency, egg production, and male to female sex ratios after exposure to 10 to 25 ng/L [30, 31] . It is apparent that stagespecific exposures are important in elucidating the effects of estrogenic compounds on reproduction and development even during transgenerational experiments.
Biochemical indices: VTG, ER, plasma steroids, and gonadal effects
Effects of EE on the liver were determined from VTG and ER induction in male and female medaka. Estrogens circulating in the plasma can bind to hepatic ERs, which then act as transcription factors to upregulate expression of both VTG and ER [27, 32] . Vitellogenin is exported into the plasma so that it can be transported to the ovaries for incorporation into follicles during vitellogenesis. Plasma VTG and hepatic ER levels were both significantly elevated at 500 ng/L of EE in male and female medaka, indicating that the threshold for response most likely was between 5 and 500 ng/L. Similar results were reported for male sheepshead minnow (Cyprinodon variegatus), in which the threshold for VTG induction after 13 d of exposure was 100 ng/L of EE [33] .
We found that ER induction by EE in male medaka occurred at a lower concentration than induction by exogenous E 2 exposure (5-500 ng/L of EE vs 1,000-10,000 ng/L of E 2 when measured by the same assay) [17] . These data suggest that EE has a greater potency for the medaka ER in vivo, as described previously for catfish; however, further comparison of sensitivity requires the use of more concentrations to narrow the threshold for response [8] . Vitellogenin and ER content correlated well with the reproductive impairment that occurred at high EE exposure concentrations, suggesting that these endpoints not only might be adequate indictors of EE exposure but also biomarkers for reproductive dysfunction caused by EE. Because reproductive success decreased at 500 ng/L of EE, VTG and ER expression were elevated in both male and females. The reproductive endpoint of egg size was not affected by the elevated VTG level in females, even though this might have been expected from increased incorporation into eggs. However, incorporation of VTG into developing oocytes has been shown to be dependent on gonadotropins and not directly associated with VTG concentrations [27] .
Female GSI correlated best with reproductive fecundity; both were elevated at 0.2 ng/L of EE and decreased at 500 ng/L of EE. One of the major factors determining ovarian size during reproductive development in fish is stimulation of yolk deposition into developing oocytes by endogenous hormones. Because VTG protein was not observed to increase at this dose and because egg size did not change, EE likely directly stimulated the increased oocyte number, leading to increased ovarian GSI. This may be considered to be a hormetic effect, because at higher concentrations of EE, female GSI was decreased below control values. In fact, at 500 ng/L of EE, both male and female GSIs were significantly depressed and correlated with a reduction in spawning frequency and egg fertilization. Decreased testicular and ovarian GSI has been observed previously in medaka, fathead minnow, and zebrafish after exposure to estrogens at doses as low as 10 ng/L of EE [14, 31, 34] . The mechanisms for abnormal gonadal development from estrogen exposure are unknown, but they likely involve a direct effect on gonadal steroidogenesis or indirect control of gonadal development and gametogenesis [35] .
Steroid levels in the plasma and those produced by the gonads ex vivo were more sensitive to EE exposure in medaka than were other biochemical or reproductive endpoints, and they were significantly altered at concentrations between 0.2 and 5 ng/L of EE depending on sex and endpoint. Exposure to EE caused changes in the plasma steroid profiles of both male and female medaka so that plasma E 2 generally was increased and T was not significantly altered. Plasma steroid levels represent the cumulative effects of EE on processes of steroid biosynthesis and metabolism. As an indirect measure for the ability of gonads to produce steroids in the absence of physiological signals from the brain, pituitary, or circulating blood, gonadal steroid release was measured ex vivo in response to cholesterol. Ovaries and testes had increased ability to produce E 2 at 0.2 ng/L of EE and reduced ability to produce T at 500 ng/L of EE, suggesting that the reason for increased plasma E 2 in these fish could, in part, be increased biosynthesis of E 2 by the gonads. However, aromatase activity was significantly decreased at some treatment concentrations of EE. Aromatase, or cytochrome P450 19, catalyzes synthesis of T to E 2 and is an early, reliable marker of histological changes in the gonad [36] . The GSI, which is another indicator of gonad health, also was significantly decreased with high EE exposure. Aromatase activity has been observed to decrease in fish in response to various estrogenic compounds [37, 38] . However, other studies have found aromatase expression or activity to increase, decrease, or not change in response to estrogen exposure or elevated circulating hormone levels depending on organ, sex, seasonality, or period of the spawning cycle [39, 40] . Overall, changes in circulating plasma steroids or steroid biosynthesis in the present study occurred at EE concentrations lower than that which resulted in reproductive dysfunction, indicating that these endpoints are sensitive to EE exposure but not necessarily indicative of higher-order impairment.
In brief, EE affected biochemical endpoints at multiple sites along the hypothalamus-pituitary-gonadal axis in male and female medaka, resulting in depressed reproductive function at high concentrations and some stimulation of reproductive function at lower, environmentally relevant concentrations. A few biochemical endpoints, including VTG, ER, and GSI, correlated well with reproductive endpoints, but analysis of more concentrations would be required before they can be considered to be predictive of reproductive dysfunction. However, these endpoints are relevant to the ER-mediated mode of action for EE, and they might be expected to predict dysfunction in these organisms. Generally, most biochemical endpoints were more sensitive to EE than were reproduction or development, indicating that reproductive function may be relatively protected.
